INTRODUCTION
This report presents maps that show runoff prepared by the U.S. Geological Survey, in cooperation with the U.S. Environmental Protection Agency (EPA), for the Direct/Delayed Response Project (DDRP) being conducted by the EPA. The EPA project personnel are studying the effects of acidic deposition on watersheds and surface-water chemistry. A goal of the project is to predict the long-term effects of acidic deposition on surface-water chemistry in small (less than 12-rni2 [square miles]) watersheds in three regions the Northeastern, Southeastern, and Mid-Atlantic United States (Lee and others, U.S. Environmental Protection Agency, written commun., 1988) . Runoff estimates will be used in a variety of analyses in the DDRP, ranging from computation of input-output budgets for ions of interest to the use of complex simulation models for predicting watershed response.
The States in the EPA study include all of Maine, New Hampshire, Vermont, Massachusetts, Rhode Island, Connecticut, New York, Pennsylvania, New Jersey, (the Northeastern Region); all of West Virginia, Virginia, Maryland, and Delaware, and parts of Kentucky (Mid-Atlantic Region); and parts of North Carolina, Tennessee, South Carolina, Georgia, Alabama, and Mississippi (the Southeastern Region). The study areas are shown in figure 1. The runoff map was prepared for water years 1951 -80 (October 1,1950 , to September 30, 1980 for the entire study area.
Runoff is the water in a river or stream that is derived from precipitation. It includes contributions from both surface-water and ground-water sources. Runoff generally is expressed in units of volume or in units of depth over the entire drainage basin. Mean annual runoff is expressed as a depth on a runoff map and needs to be converted to a volume by multiplying by the drainage area and dividing by a conversion factor, to be used, for example, to compute ion outputs.
MAP PREPARATION Information Sources
The primary sources of data used to compute runoff are streamflow records from U.S. Geological Survey streamflow-gaging stations. Secondary sources are a previous runoff map (Gebert and others, 1986 ) and various U.S. Geological Survey topographic maps.
The preferred sources of information for computing mean annual runoff and preparing the runoff map were records from gaging stations operated during water years 1951-80 in small-to medium-sized (up to about 1,000 mi2) drainage basins with little or no diversion or regulation. Few gaging stations with drainage areas greater than 1,000 mi2 were used for preparing the runoff map. Runoff values from such stations are composites of runoff over a large area and may not adequately illustrate the variability within the area.
Base from U.S. Geological Survey National Atlas, 1970 SCALE 1:17.000.000 300 KILOMETERS Figure 1 . Location of the study area.
Stations with records influenced by diversions were used only if the average amounts of the diversions for water years 1951-80 were known or if the amounts of the diversions were known to be insignificant. The mean annual discharges were adjusted for known diversions. Stations with large amounts of diversion, usually on streams or rivers that large cities in the Northeast use for municipal and industrial water supplies, were not used.
Records for regulated streams were used where information on annual change in storage permitted adjustment for the change. No adjustment was made if a reservoir was small and the change in storage did not affect annual mean discharge.
The difference in mean annual discharge at two stations on a large river was used to estimate the runoff for some intervening areas. This method was used with caution because small errors in the measurement of discharge at the two stations could cause large errors in the difference. This method was applied only when the percentage increase in drainage area between the stations was large and data for the intervening area were not available. Runoff was computed as the difference in average discharge divided by the difference in drainage area and multiplied by a conversion factor to convert to inches of runoff.
Streamflow records for all or part of water years 1951-80 were available for 2,802 U.S. Geological Survey gaging stations in the study area. This study used records from 1,232 of the stations to prepare the runoff maps. The size of drainage areas for the gaging stations used ranges from 0.08 to 1,590 mi2; stations with drainage areas up to 5,100 mi2 were used to compute differences between two stations on the same stream. The intervening areas used range from 175 to 2,685 mi2, with a median of 554 mi2. These areas are from 11 to 82 percent of the larger drainage area, with a median of 50 percent. Table 1 lists the State, area of the study, total number of gages available, number of gages used in the study area, and square miles per gage used.
Data Processing
Data were retrieved from the National Water Data Storage (WATSTORE) (Hutchison, 1975 ) on a State-bystate basis for all stations that had any recorded streamflow data for water years 1951-80. An additional retrieval was made to obtain the name, latitude, longitude, drainage area, and hydrologic code for each of the stations.
The first step in data processing was to combine the data retrieved into a single file. This involved computing the average runoff and sorting the station by hydrologic cataloging units. The file was sorted by cataloging unit and printed to be used as a worksheet.
If records for the 30-year period 1951-80 were incomplete for a station, the records were extended by regression with a nearby station having complete records for that period. The method used was explained by Matalas and Jacobs (1964) and used in the preparation of a national runoff map (Krug and others, 1987) .
The long-term mean at the short-term station computed by using the regression equation is a better estimate of the true long-term mean than is the unadjusted short-term mean, if the following condition is met (Matalas and Jacobs, 1964, p. E4, equation 38) :
where r is the correlation coefficient between concurrent annual mean discharges at the short-term and longterm stations, and N is the number of years of record at the short-term station.
The minimum acceptable correlation coefficient needed for various years of record as computed by this equation is shown in table 2. Negative correlation coefficients indicated an inverse relation. Such correlations were rare in this study and were not used to adjust mean annual runoff.
Initially, 2,802 gaging stations were available for analysis. Some stations were eliminated from consideration because they had insufficient record or because they represented drainage basins that were too large. Of the remaining 1,895 gaging stations, 100 were randomly selected to be used to test the accuracy of the runoff map, and others were found to be unsuitable because of diversions or because no satisfactory correlation could be found to extend the record to water years 1951-80. The runoff maps were prepared with data from the remaining 1,232 stations.
Preliminary Determination of Runoff Contours
Preparation of the runoff maps started with plotting water years 1951-80 mean annual runoff for each selected station on the map of each State (U.S. Geological Survey State base maps, scale 1:500,000). The runoff values were plotted by visual interpretation at the approximate centroid of the drainage areas. Runoff values for the intervening area between two gaging stations were plotted at the centroid of the intervening area. These values were used in conjunction with topographic maps to draw the contour lines. Runoff values were plotted at the centroid because that was more representative of the whole basin than the gage location.
The runoff maps have a 2-in. (inch) contour interval where runoff is less than 30 in., and a 5-in. contour interval where the runoff is greater than 30 in. The relief of an area and the general distribution of rainfall and topographic affects were considered and used to guide the shape of the contour lines where streamflow information was sparse. The contour lines were matched and adjusted at the boundaries of adjoining States. Contours were not drawn in some coastal areas where data were sparse or contradictory; these areas included Cape Cod in Massachusetts and Long Island in New York.
Digitization of Runoff Contours
Contours were digitized by using a geographic information system (GIS); an edit plot was then created. The edit plot was overlain on the original map to verify the accuracy of the digitized data. Any discrepancies were adjusted so that all plotted lines were within the original manuscript lines. The GIS was used to combine the State maps into a map for the study area. Contour lines were verified at the State boundaries for consistency and smoothed where necessary.
Review of Runoff Contours
Contours of mean annual runoff were independently reviewed by hydrologists in the Wisconsin District office of the U.S. Geological Survey. The runoff map and the data used to construct the map also were submitted to the respective U.S. Geological Survey State offices for their reviews. The comments from the State offices were examined for conformance to the purpose and goals of the project and were used to revise the State maps where necessary. The local knowledge of the hydrology of the separate States was valuable for refining the final map.
All of the State maps were again edge-matched with adjoining maps. The contours on the maps were digitized again if there were any changes and the digital data were used to prepare the final maps.
MEAN ANNUAL RUNOFF DURING WATER YEARS 1951-80
The map showing mean annual runoff for the Northeastern, Southeastern, and Mid-Atlantic Regions is shown on plate 1. Mean annual runoff ranged from less than 12 in. in western New York to greater than 40 in. in the White Mountains in New Hampshire in the northeastern region, from less than 12 in. in southern Alabama to greater than 55 in. in the Smoky Mountains of North Carolina in the southeastern region, and from less than 10 in. in northeastern West Virginia to greater than 40 in. in southeastern West Virginia in the MidAtlantic Region. 
QUALITY CONTROL AND ASSURANCE
The accuracy of the runoff map depends on several factors; such as the accuracy of the streamflow records, how closely the runoff values at the gaging stations represent the variation of runoff within the monitored watershed, the number of gaging stations in an area, the accuracy of the placement of the contours that represent runoff, and the error associated with digitizing the maps. Quality-control and quality-assurance procedures for runoff mapping were explained in an earlier report (Graczyk and others, 1987, p. 4) .
ERROR ANALYSIS
A test procedure was used to determine the accuracy of using the runoff maps to estimate runoff for specific watersheds. The location of each of the gaging stations available for map development and each of the 125 EPA surface water-chemistry study sites was plotted on a map, and 9 areas were delineated based on gagingstation density, chemistry-site density, and physiographic landform ( fig. 2) . The GIS was used to determine the exact number of gaging stations and chemistry sites within each area (table 3) . Of the 1,895 gaging stations available for the analysis after preliminary screening, 100 were selected to be used to test the accuracy of the runoff map and were not used to develop the map. The 100 stations represent about 5 percent of the total stations available for map development; therefore, about 5 percent of the stations in each area were selected. The stations were selected on the basis of spatial density of gaging-station sites and EPA water-chemistry study sites. Table 3 indicates the number of stations selected for each region.
A map indicating the site location of each gaging station within each area was developed. A randomized procedure, based on the ratio of stations to be selected to the total number of stations within an area, was then used to select the specific sites. This procedure insured that the sites would be chosen randomly but still have reasonable spatial coverage within each area. Some of the 100 stations had less than 30 years of record. The mean annual runoff for 57 of these sites was estimated by the same correlation process described earlier. The 93 stations were used to test the accuracy of the mean annual runoff map. Five different methods were used to estimate the runoff for each station from the runoff map. These five estimates of runoff for each station were used to determine the accuracy that could be attained for different levels of effort. The methods are called weighted average, centroid, GIS, nearest inch, and nearest contour.
The weighted-average method consists of combining a map of the drainage basin of a gaging station with the runoff map. The area within the drainage basin between each pair of contour lines is determined by using a planimeter. The weighted-average mean annual runoff is determined from the area between each pair of contour lines and the average runoff represented by the contours. This method involves the most effort, but gives the most accurate results.
The centroid method consists of estimating the centroid of the drainage basin by visual inspection of a map of the basin. The runoff at the centroid of the basin is interpolated from the contour map. This involves less effort than the preceding method, but provides less accurate results because it considers runoff at only one point rather than throughout the whole basin.
The GIS method consists of using the programs available in the geographic information system used to prepare the runoff maps to interpolate the runoff for the location of the gaging station. The latitude and longitude of the gaging stations are readily available, making this method easier than the preceding two. However, this method is less accurate, because the site used, the gaging station, is located at the downstream edge of the drainage basin.
The nearest-inch method consists of plotting the locations of the gaging stations on the mean annual runoff map and manually interpolating to the nearest inch at that point. This method requires about the same effort as the GIS method, but is slightly less accurate.
The nearest-contour method is similar to the nearest-inch method, except that the mean annual runoff of the nearest contour to the station site is used as the runoff for the station. This means that runoff is estimated to the nearest 2 in. if it is less than 30 in., and to the nearest 5 in. if it is greater than 30 in. This is the easiest method, but is also the least accurate.
The weighted-average method and the centroid method are the most accurate because they estimated the runoff for the entire basin, or for the middle of the basin. The GIS method, the nearest-inch method, and the nearest-contour method are less accurate because they estimated the runoff at a point that was not at the middle of the basin. In addition, these last three methods are biased because the gaging station is always at the lowest elevation in the drainage basin, and runoff normally is lower at lower elevations, because precipitation is normally lower.
A summary of the estimates by the weighted average and nearest inch methods is included in table 4.
The stations used for verification were selected by area in proportion to the number of stations available in each area. As a result, the distribution of these stations was not uniform throughout the study area. The error for each of the stations was weighted by a factor to account for the differences in density of stations among the areas. For example, Area I covers 61,780 mi2, and has 5 stations used in this analysis. The weighting factor for stations in Area I is 61,780/5 or 12,360. Use of these weighting facors avoids biasing the results of the error analysis. The area-weighted statistics of the errors (estimated mean annual runoff minus observed mean annual runoff), expressed both as inches and as percent, are summarized in table 5.
The three methods using interpolation with respect to the gaging-station location (GIS, nearest-inch, and nearest-contour) had similar errors. All of them showed a highly significant negative bias (that is, estimated runoff averaged less than actual runoff). The probable cause of this bias is the tendency for rainfall and runoff to increase with elevation in mountainous areas. The gaging stations are at the lowest point in the drainage area and, thus, are normally at locations of lower runoff than the drainage basin as a whole.
The percent errors in runoff values estimated by the GIS were slightly higher than the percent errors in either of the manual interpolation estimates. Apparently, the surface-fitting routines were not able to fit the sudden changes in the rate of change of runoff in some areas. The estimated runoff for a few stations that were close to a runoff contour were several contour intervals different from the runoff at the nearest contour.
Runoff errors from the centroid of the basin and the area-weighted average methods were smaller than runoff errors from the other three methods. There was no statistically significant bias in these estimates.
The errors in estimated mean annual runoff at the 93 stations were further analyzed by examining the regression of actual runoff on estimated runoff, treating the estimated runoff as a predictor of actual runoff. The results are summarized in table 6. Table 6 shows little difference among the methods that estimated runoff at the gaging-station locations. The regression analyses confirm the previous conclu-8 sions that the methods that used the area-weighted average of the drainage area or the centroid of the drainage area produced somewhat better correlations that is, the interecept was closer to zero, the standard errors were small, and the correlation coefficients were larger. These methods have slightly greater power to predict actual runoff Additional statistical investigation found no significant differences in reliability of the runoff estimates among the areas. No significant differences existed in the errors for stations with drainage areas of differing size.
USE OF MEAN ANNUAL RUNOFF MAP
Mean annual runoff for a site can be estimated from the runoff map by several methods. The simplest method of estimating the runoff is to locate the site on the runoff map and to identify the runoff contour nearest the site. This method, however, is less accurate than other methods. The most accurate method is to draw the drainage basin on the runoff map, and use the runoff contours to divide the basin into bands of differing runoff. The area of each of the bands within the drainage basin is then determined. The areas of the separate bands are then used to compute a weighted average runoff for the basin. Runoff estimated from the map is in inches per year, averaged over the entire drainage basin. Multiply this value by the drainage area, in square miles, and divide by 13.58 to convert to mean annual discharge, in cubic feet per second. In the above example, assume the drainage area of the site is 100 mi2. The mean annual discharge, in cubic feet per second, would be:
19.4 xlOO/13.58 =143
The runoff map was prepared to allow estimation of mean annual runoff at sites where no streamflow data are available. The map represents mean annual runoff for areas with natural land cover. Caution should be used in applying the map to estimate runoff for areas that are not natural land areas. The runoff map should not be used for areas, such as large urban areas, where the land cover has been altered in ways that would change the amount of runoff. The runoff map is not applicable for lakes or bays, for coastal wetlands affected by tides, for streams controlled by reservoirs large enough to influence the total annual streamflow, or for streams with substantial diversions.
Local features could cause the runoff at a particular site to differ substantially from the runoff indicated by the rimoff map. The geology of the drainage basin might cause substantial amounts of water to enter or leave the basin as ground water. This could substantially increase or decrease the runoff. For example, a stream with a small drainage area that includes a large spring probably would have higher average streamflow than indicated by the runoff map. Research by Rochelle and others (1988) found no correlation between runoff in inches per year and drainage area for 5 data sets with from 60 to 531 gaging stations or experimental watersheds in each set. Drainage areas ranged from 0.2 mi2 to more than 6,000 mi2. The errors between estimated and measured runoff at 93 test stations used in this study appeared to be more variable for small drainage areas than for large drainage areas, but the differences in errors were not statistically significant. Local variations in topography and geology, however, might have a greater effect on runoff from small drainage basins than large drainage basins.
SUMMARY
A mean annual runoff map for water years 1951-80 was prepared for the Northeastern, Southeastern, and Mid-Atlantic United States. All or part of the following States were included: Maine, New Hampshire, Vermont, Massachusetts, Rhode Island, Connecticut, New York, Pennsylvania, New Jersey, West Virginia, Virginia, Maryland, Delaware, Kentucky, North Carolina, Tennessee, South Carolina, Georgia, Alabama, and Mississippi.
The map was prepared from streamflow-gagingstation records. A total of 1,232 stations were used to construct the maps. The mean annual runoff for the 30-year period for stations that had less than 30 years of record was determined by correlation analysis with a nearby gaging station that had records for the full 30 years. The maps were compiled at a scale of 1:500,000.
Mean annual runoff in the Northeastern Region ranged from less than 12 to greater than 40 in.; in the Southeastern Region, runoff ranged from less than 12 to greater than 55 in.; and in the Mid-Atlantic Region, runoff ranged from less than 10 to greater than 40 in.
The mean annual runoff map probably is more accurate in areas that have a relatively high concentration of gaging stations and little topographic variability, such as parts of the Northeast. On the basis of these criteria, the least accurately mapped areas would be in the Smoky Mountains along the North Carolina-Tennessee border.
The general accuracy of the runoff-mapping procedures was assessed by use of 93 stations that were not used to construct contours on the map. After the mean annual runoff map was prepared the runoff values for. these stations were estimated from the map and compared to the actual runoff. This comparison indicated that the runoff map provided estimates of runoff with an average absolute error of 9.0 to 12.2 percent, depending on the method used. Methods that used the centroid of the drainage basin or an area-weighted average for the drainage basin produced lower errors than methods that estimated runoff at the outlet of the basin. 
